A method was developed for quantitativcly separat ing and determining phosphate, silicate, and arsenate when they occur together in solu t ion. All t hree, at a pH of 1.8, form h eteropoly molybdate complexes when heated just to boili ng. Only t h e phosphate complex is extracted into ether from a solu tion t hat contains one volume of concentrated hydrochloric acid plus nin e volumes of solution. After removing t he phosphate, only t he silicate complex is extracted into butanol from a solution that contains t wo volumes of concentrated hydrochloric acid plus nine volumes of solution. The arsenate comp lex is t hen extracted into m eth yl iso butyl ketone after r eadjusting the acidity back to 1 + 9 by adding silica-free ammonium hydroxid e. The various complexes are reduced by addi ng stannOllS chloride to t he organic solvent and determined spectrophotometrically. The effect of various salts on the complex formation a nd the extraction is also repo rted
Introduction
The llCLeropoJy-<.:omplex compounds of molybdenum llave b een known and used by chemists for more than a century.l They are used by analytical chemists especially for determining phosphorus, silica te, and arsenate, eith er as the yellow complexes or as the r educed blu e complexes.
The molybdenum sal t most freq ucn Lly used Lo form these complexes is tue so-called ammonium molybdate. For this reagent to be most useful it must not contain, ei ther individually or combined , excessive amounts of phosphate, silicate, and arsenate. The Committee on Analytical R eagents of the American Chemical Society has publish ed a sp ecificaLion for ammonium molybdate. 2 This specification has, in addition to other r equiremen ts, a requiremen t and test for phosphate but not for silicate or arsenate. While trying to improve the test for phosphate and also limi t the amount of silicate and arsenate that migh t be presen t, it was found that all three of the ions in qu estion could be collectively determined . It was also found that they could be quantitatively separated from one another even though they wer e contained in the same solution .
The extensive literature concern ed with th e determination of these ions, which contains so many articles that it is impractical to enumerate them all, is largely the result of the effort to ascertain and control the m any variables which influ ence the formation and l"edu("tion of a speciflc, desired complex. For a partiall"esume of Lbe difficulties, see t he preprin t of an article by :-lellon . 3 Analysts have also used various organic solven ts, or mixtures 0[" organi c solvents, to extract thl' desired complex." To Lhe authors' knowledge, a satisfactory m eLhod has no t b een published for sep arating and determining all three ions, phosphate, silicate, and arsena te, when t hey occ ur togeth er in a solution . S uch a m ethod has now been developed and th e details ar e given b elow.
Reagents and Standards

. Ammonium Hydroxide (Silica-Free)
The ammonium hydroxid e used must b e free from silica. Aqueous ammonia in con tact wi th glass, even momentarily, will dissolve a suffLCient amoun t of silica to make i t unusable for the' purpose here describ ed . Since all ammonium hydroxide available commercially co mes in glass con tainers, one must prepare silica-free ammonium hydroxide in the laboratory. The most convenien t m ethod to do this is to satura te distilled water wi th ammonia gas from a cylinder of compressed anhydrous ammonia. Plastic tubing and bottles must be used t hroughout.
Ammonium Molybdate Solution (10 Percent)
Prepare a solu tion of ammonium molybdate by dissolving 10 g of the ACS r eagent in 100 ml of distilled water . This solution should be prep ared daily and placed in polyethylen e con tainers.
To determine the s uitability of each lo t of ammonium molybdate, dissolve 2.5 g of the reagent in 80 ml of distilled water, add a few drops of bromine water , and adjust the pH of the solution to 1.8 with diluted hydrochloric aciq. , (1 + 9). H eat the solution just to boiling and cool it to room temperature. Add 10 ml of concen trated hy drochloric acid and 1 mi of butanol. Extract the combined phosphate, silicate, and ar senate complexes with m ethyl isobutyl k etone. After washing the ketone solution and reducing the molybdenum complexes as described later (3.4), any blue color in the ketone s hould not exceed that produced whell 0.01 mg of silica and 0.5 g of the same ammonium molybdate are treated exactly as was the 2.5 g of the ammonium molybdate.
Stannous Chloride Solution
Prepare a solution of stannous chloride by dissolving 2 g of the ACS reagen t SnOb· 2H20 in concentrated hydrochloric acid and diluting it to 100 ml with concentrated hydrochlori c acid .
2 .4. Phosph ate Solution (0.01 mg of P04 in 1 ml) Prepare a stock solution by dissolving 0.143 g of assayed potassium dihydrogen phosphate, KH2P04 , in distilled water and diluting the resulting solution to 100 ml. Dilute 10 ml of this stock solution to 1,000 mi. Since the pH of this solution is approximately 4, it is safe to prepare and store it in glass vessels.
2 .5. Silicate Solution (0.01 mg of Si02 in 1 ml)
Prepare a stock solution of silica by dissolving 9.46 g of assayed N a2Si03·9H 20 in9 ml of silicafree ammonium hydroxide and diluting the resulting solution to 200 ml (199.4 g at 25° 0) with Jistilled water. Dilute a 1-ml aliquot of this solution plus 5 ml of silica-free ammonium hydroxide to 1,000 ml (997 .1 gat 25° C) with distilled water. Since volumetric polyethylene ware was not available, the silica solution was diluted on the weight basis. Prepare a stock solution of arsenic by dissolving 0.132 g of NBS standard sample of As20 3 in 10 ml of diluted hydrochloric acid (l + 1) to which bromine water is added. To prevell t loss of arsenic by volatilization, sufficient bromine must be present at all times to impart a strong yellow color to the solution. This may require the addition of more bromine water while the arsenic trioxide is dissolving. Dilute the resulting solution to 1,000 ml. Dilute 100 ml of this stock solution, to which 5 ml of concentrated hydrochloric acid has been added, to 1,000 ml. Since these solutions are acid, t hey ca n be prepared, diluted, and stored in glass vessels.
General Procedure
Formation of the Heteropoly Complexes
Dissolve the sample to be analyzed in 80 ml of distilled water and add 5 ml of a 10-percent solution of ammonium molybdate. Adjust the acidity of the solution to approximately pH 4 by adding silica-free ammonium hydroxide or hydrochloric acid as required.
If the solution of the unknown is alkaline, it must be prepared in a platinum container to prevent conLamination from dissolved silica. After the solution has been adjusted to pH 5 or less, as determined with indicator paper, it may be transfened to a glass vessel without danger of dissolving sufficien t silica to interfere with the test.
Add enough bromine water to impart a slight yellow color to the solution. The bromine water is added to oxidize the arsenic to the quinquevalent state, because tervalent arsenic does not form a heteropoly complex with molybdate. R eadjust the acidity of the solution to pH 1.7 to 1.9. Heat the resulting solution just to boiling, cool it to room temperature, and dilute it to 90 mi. Make all pH measurements which are less than 7 with a standardized glass electrode system. Do not u se glas~ electrodes in alkaline solutions because sufficient silica may be dissolved to vitiate the results of the test for silica.
.2. Separation and Determination of Phosphate
Transfer the solution which was prepared as described above to a separatory funnel and add 10 ml of concentrated hydrochloric acid and 35 ml of ethyl ether. Shake the mixture vigorously for a few minutes and allow the two la,yers to separate. Draw off the aqueous 19,yer and reserve it for the determination of silica and arsenic. Wash the ether layer twice with 10-ml portions of dilu ted hydrochloric acid (1 + 9). Draw off and di scard the aqueous layers. Add 0.2 ml of the stannous chloride solution to the ether solution and shake the mixture. Dilute the ether solution to 25 ml with more et her and determine its optical density with a spectrophotometer at 630 mJL. Determine the amount of phosphate present from a calibration curve. If greater sensitivity is desired, measurem ents ma\~ be made at appro>.i.mately 830 mp. Add 10 ml of concentrated hydrochloric acid to the aqueous solution reserved from the separation of phosphate and transfer it to a separatory funn el. Pour into the solution 50 ml of butanol, shake the mixture vigorously, and allow the byers to separate. Draw off the aqueous layer and add to it 10 ml of silica~free ammonium hydroxide and reserve this solution for the extraction and determination of a1'senlO.
Wash the butanol layer three times with 20-ml portions of diluted hydrochloric acid (1 + 99). Draw off and discard the aqueous layers. Add 0.5 m l of the stannous chloride solution to the butanol solution and shake the mixture. Dilute the butanol solution to 50 ml with more butanol and determine its optical density with a spectrophotometer at 630 mJL. Determine the amount of si lica present from a calibration curve.
The optical density should be determined immediately after the reduction by stannous chloride. If this is not done, the blue color begins to fade, but treatment with stannous ch loride as described above will restore the blue color to its original intensity.
This fading may b e atLributed to some impUTity ill th e butanol, b ecause Lhe r educed molybdenum blue color was found Lo b e s Lable for 24 h e or more ill some lots of butanol.
Separation and Determination of Arsenic
Transfer to a separaLory funnel the aqueous solution r eserved from the separation of silica, Lo which 10 ml of s ilica-free ammonium hydroxide had b een added . Pour in to t he solu tion 25 ml of m ethy l isobu tyl k etone, shake t he mixtme thoroughly, and allow the layer s to separaLe. Draw ofT: nnd discard th e aqueous lay er. Wash the k etone solu tion t hree times with 10-ml portions of diluted h y dro chloric acid (1 + 9) . Draw off and discard t he aqu eous layers . A dd a freshly prepared solution of 0 .2 ml of th e stannous chloride solu tion in 10 ml of water to th e ke tone soluLion, shake t be mix t LU"e, a nd allow t he layers to separa te. Draw off a nd discard the aq ueOllS layer . If the k etone layer is cloud. , it m ay b e cleared by was hing it with dilu Led hydrochloric acid (1 + 99). Dilu Le the k etone solu tion Lo 30 ml wi t h more keLone and determin e its optical density with a specLropho tom eter a L 630 mIL. D eLermin e t.h e amou nt of arsenic presen t from a calibration cur ve.
Reliability of the Method
The calibrat ion curves shown in fig ures 1 , 2, a nd 3 were d eLermined for each of t he complexes studied. The op Lic al de nsities w ere determined a t a w aveleng th o f 63 0 mIL wi t h a sp ect,rophotometer provided wiLh absorp Lion cells t hat were 50 mm long. The par tition coefficien ts for th e various complexes were no t deLC'rmin ed . However, w ben qua n tiLies of ill(' t hree iO ll s wer e presen t ill cons id erable excess of 30 mg eac h, each one was compleLely extrac ted in a To determine the effect of salt concentration on the accuracy of the determinations, experiments were made by adding 10 mg of each of the three elements to solutions of various salts. The amounts of salts taken were 1, 2, and 5 g, which would correspond to 1,2, and 5 percent at the start of the extraction of phosphate by eth yl ether.
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. Extraction From Solutions Containing 1 g of salt
Complete recovery was obtained when 10 }.tg of each of the three ions in question was added to 1 g of each of the following salts: Ammonium carbonate, chloride, nitrate, and sulfate; sodium carbonate, chloride, hydroxide, nitrate, perchlorate, and sulfate; potassium carbonate, chloride, hydl"o).'ide, nitrate, and sulfate; and ferric chloride. When sodium or potassium acetate was used, the acetate ion interfered with the recovery of phosphate. If the acetate was converted to nitrate by evaporating to dryness several times in the presence of nitric acid, the added phosphate was recovered. Recoveries of silicate a~d arsenate and th e effect that salts of other orgamc acids might have on the reaction were not investigated.
Extraction From Solutions Containing 2 g of Salt
When the quantities of the above salts, except ferric chloride which was not tried, were increased to 2 g, complete recoveries of tl~e added phosphll;te, silicate, and arsenate were obtamed unless the amon was chloride. In addition, 2 g of calcium chloride and barium nitrate were tried and the calcium and barium did not interfere. Complete recovery of the three ions was obtained from 2 g of the chloride salts if the initial acidity of the solution was adjusted to a pH of 1.7 to 1.9 with diluted sulfuric acid instead ? f with diluted hydrochloric acid. The other condItions remained as described.
Extraction From Solutions Containing 5 g of Salt a . Extraction From Nitrate Solutions
Experiments were made to determine the recoverability of phosphate, silica, and arsenic from solutions containing 5 g each of ammonium nitrate, so- It is seen that whereas the recovery of silica and of arsenic was satisfactory, only one-thir-d to onehalf of the added phosphate was recovered. It was found , however, t ha t by operating in a loss acid solution than that originally specified, extractlOn and recovery of phosphate could be accomplished from the solutions containing 5 g of sulfates. Depending on the particular sulfate, from 80 to 86 percent of the original volume of hydrochloric acid sufficed.
To remove the silica complex, the acidity of the solution was increased to a concentration of (2 + 9), which was the concentration originally specified for the extraction of silica . To extract arsenic, the acidity was then reduced by the addition of silicafree ammonium hydroxide to that found experimentally suitable for the extraction of phosphate. The results, given in table 4, show that phosphate, silica, and arsenic can b e separated from one another and completely recovered in the presence of 5 g of various sulfate salts. Experiments were made to determine the recover--ability of phosphate, silica , and arsenic from solutions containing 5 g cach of ammonium chloride, sodium chloride, potassium chloride, barium chloride, calcium chloride, and aluminum chloride. The operating conditions were those specified in section 3. The r esults a r e given in table 5. The results show that the phosphate was not completely recovered. However , the amount of phosphate remaining in solution did not seriously interfere in the determination of either silica or arsenic.
Attempts were th en made to modify the original procedure in the manner similar to that followed for solutions containing 5 g of sulfate salts. That is, th e acidity at w11ich the p hosphate could b e quantitatively extracted was establish ed exp erimen tally. This acidity was found 1,0 be lower th an that for t h e sulfa te salts . To extract th e sili ca th e acidity was increased to (2 + 9), Lhe original concentration specified for the extraction of molybdosilicate. Finally, Lo extract Lhe arsenic t he acidity was again lowered to that required to extract the molybdophosphate, as de termined exp erimentally for a particular chloride salt. Complete recovery of phosphate a nd of ilica was ob tained, bu t not of arsenic. These results are given in table 6.
Even when an amount of nitric acid, 7.5 ml, was substi L uted for the 10 ml of hydrochloric acid, the r ecovery of arsenic r emained i.ncomplete. The determination of all Lhree elemenLs in question wh en 5 g of a chloride salt is present r equires two procedures. One procedure, that by which the results reported in table 5 wer e obtained, is Lo determine the silica and arsenic. The other procedure, that by whi ch the results reported in table 6 wer e obtained , is to determin e the phosphate and silica . It should be noted that silica m ay be determined b y either m ethod.
It should be emphasized that the separation and determination of the silica appeared to b e complete r egardless of the sal t concentration, provided the moly bdosilicate complex was extracted with butanol from a solution that contained 2 volumes of con centrated h y drochloric acid plus 9 volumes of solu tion.
. Discussion of Results
The procedure described in section 3 is suitable for the quanLitative separation of small amounts of phospha Le, silica, and arsenic from one ano ther and for the ir su bsequcnt determina tion when Lhey occur in solutions co ntaining as much as 1 g in 100 ml of solution of eit her a chloride, nitrate, s ulfate, or perchlorate.
If the quantity of salt is in creased to 2 g, complete sep ara tion and recovery is efl'ecLcd except in the case of a chloride salt.
In the presence of 5 g of either a sulfate or chloride sal t , t h e extraction of phosphate is incomplete. B y lowering the acidit,v at which the phospha te is extracted, t h en establishin g th e acidity originally sp ecifled for th e extrac tion of silica, a nd fmally, to extract the arsenic, reestablishing the acidity found suitable for the extraction of the phosphate, the three substances in question can be quantitatively separated from onc another even in the presen cc of 5 g of a s ulfate salt. By following a similar procedure in th e case of 5 g of a chloride salt, phosphate and silica can b e su ccessfully extracted and determined, but not the arsenic. It becomes n ecessary, in the case of 5 g of a chloride salt, to determin e phospha te and silica in one solution and silica and arsenic in another.
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